Bindin, a protein component of the acrosomal vesicle of sea urchin sperm, has been isolated from Arbacia punctulata and Strongylocentrotus purpuratus . Using this isolated bindin, we have devised a quantitative assay for bindin-mediated egg agglutination and compared the agglutination of bindin and eggs from A . punctulata and S. purpuratus . Bindin-mediated agglutination is species-specific in both species, although a measurable degree of heterotypic interaction is observed .
in seawater . Further, it has been shown that these granules induce species-specific agglutination of eggs (9, 21) . Trypsin treatment of eggs under conditions that cause a loss of their capability to be fertilized also results in the loss of their capability to be agglutinated by bindin . Basing their hypothesis on these observations, Vacquier and co-workers (10, 21, 22) proposed that bindin is the adhesive molecule that specifically binds sperm to eggs during fertilization.
For this study we have devised a quantitative assay to examine the bindin-dependent agglutination of eggs . With this assay, we have examined the interaction of eggs and isolated bindin in Arbacia punctulata and Strongylocentrotus purpuratus, and have established the conditions for optimum egg agglutination. We have found that bindin is localized in the region of contact in agglutinated eggs and that bindin from both species preferentially agglutinates eggs of its species of origin, although measurable heterologous agglutination is also observed . We have observed that heterologous and homologous bindin-egg interactions differ in both the extent of agglutination and the size of the aggregate formed . Preliminary experiments suggest that quantitative measurement of bindin-mediated egg agglutination may be useful in elucidating egg surface components involved in sperm-egg adhesion .
MATERIALS AND METHODS
A. punctulata was maintained at 18°C and S. purpuratus at 6°C in aquariums containing artificial seawater (Instant Ocean, Aquarium Systems, Eastlake . Ohio). Gametes were obtained from both species by injection of 0.5 M KCI or electric shock. Sperm were stored on ice until used . Bindin was isolated from sperm of both species by the Triton X-100 (Rohm and Haas Co ., Philadelphia, Pa .) extraction method described by Vacquier and Moy (21) . Isolated bindin was stored in calcium-free seawater (CFSW) at -70°C. Eggs from S. purpuratus were dejellied by titrating a 10% vol/vol suspension of eggs to pH 5 with 0.1 M HCI for 2 min and readjusting the pH to 7.9 with l M Tris-HCI . Because A. punctulata eggs often agglutinate following the acid dejellying procedure, they were mechanically dejellied as follows: a 1%n vol/vol egg suspension was repeatedly passed through 90 pin Nitex (Tetko Inc., Elmsford, N. Y.) nylon mesh . Dejellying was monitored by light microscopy after addition of one drop of colloidal ink and judged complete when no more jelly coat was observed and >80% of the eggs were agglutinable by bindin .
Quantitative Assayfor Bindin-dependent
Egg Agglutination
Egg agglutination was initiated by adding isolated bindin particles to a 200-pl suspension of 0 .5% vol/vol dejellied eggs. The assay was performed in a polyethylene cap (II x 11 mm. Wheaton R7475B, Wheaton Scientific Div., Wheaton Industries, Millville, N.J .). After addition of bindin, the suspension was rotated on a gyratory shaker (Arthur H. Thomas Co., Philadelphia, Pa .) at 90 rpm for4 min. After rotation the eggs were gently suspended by the addition of 0.8 ml of seawater and transferred to a microscope slide . Single and agglutinated eggs and the number of eggs in an aggregate were scored using phase contrast microscopy at x 100. The background level of eggs that apparently agglutinated in the absence of bindin was generally <5 1 . Batches of eggs exhibiting a background level agglutination of >10 were not used . The variation between duplicate assays was <± 10%.
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THE JOURNAL OF CELL BIOLOGY " VOLUME 83, 1979 Labeling Bindin with Fluorescein Isothiocyanate (FITC) Bindin (400 pg protein) was suspended by sonication in 400 fit CFSW . Then, 100 At of I M NaHCO, pH 9.1, followed by 20 pl of a 1-mg/ml solution of FITC in isopropanol, were added. The suspension was incubated 90 min at 0°C with frequent mixing . The reaction mixture was diluted to 40 ml with CFSW and centrifuged at 25,000 g for 20 min to pellet the bindin particles . The supernate was removed, and the pellet was washed twice by resuspension in 40 ml CFSW and centrifuged . After washing, the pellet was resuspended in 400 td CFSW, and the bindin tested for agglutinating activity .
Preparation of Egg Surface Components by Pronase Digestion
Acid dejellied eggs were suspended to 50% (vol/vol) in artificial seawater containing 50 mM Tris-HCI, pH 8, and 0.25 mg/ ml pronase (Calbiochem-Behring Corp., American Hoechst Corp ., San Diego, Calif.) that had been predigested for 15 min at 50°C . After 20 min incubation at 23°C, the eggs were pelleted by gentle hand centrifugation and the supernate further centrifuged at 25,000 g for 20 min. The supernate was removed and ethanol added to a final concentration of 5% . The mixture was incubated at 50°C for 24 h, after which time an additional 0.01 mg/ml pronase that had been predigested at 50°C for 15 min was added. The mixture was then incubated an additional 24 h. The digestion was stopped by boiling, and the digestion products were centrifuged at 25,000 g for 20 min. After lyophilization and resuspension in a minimum volume, the mixture was desalted by gel filtration on Biogel P-4 (Bio Rad Laboratories, Richmond, Calif.), and the carbohydrate-containing fractions pooled . No residual protease activity was detected by hydrolysis of p-tosylr-arginine methyl ester in the preparation .
Other Procedures and Materials
Bindin samples for electron microscopy were fixed in VG glutaraldehyde (vol/vol) in artificial seawater for 1 h at 20°C. The samples were postfixed in 1%n OsO4 (wt/vol) in artificial seawater for I h at 0°C, dehydrated with alcohol, and embedded in Epon (Shell Chemical Co., Houston, Tex.) . Sections were cut with a diamond knife, stained with alcoholic uranyl acetate and lead citrate, and viewed with aZeiss EM 10 or Siemens 1 electron microscope . SDS polyacrylamide gel electrophoresis was performed by the method of Laemmli (12) . Protein was determined by the Folin technique (15) . Carbohydrate was determined by the phenol-sulfuric acid method (7). Phospholipid phosphate was estimated after extraction of total lipids with chloroform : methanol (2 :1) by the procedure of Bartlett (2) .
Carbohydrates were purchased from Pfanstiel Co (Waukegan, Ill .) . The bovine thyroglobulin glycopeptides were a gift of Dr . James Elting of this laboratory .
RESULTS

Analysis of Bindin
Bindin was isolated from sperm of A. punctulata and S. purpuratus by the Triton X-100 extraction method described by Vacquier and Moy (21) . SDS polyacrylamide gel electrophoresis of bindin isolated from S. purpuratus (Fig . I A) revealed the presence of a single band of protein of an apparent molecular weight of 31,000, in agreement with the findings of Vacquier and Moy (21) . Similar analysis of A . punctulata bindin showed that the major polypeptide component also has an apparent molecular weight of 31,000 (Fig . 1 B) .
Electron microscopy of isolated S. purpuratus bindin preparations showed that the bindin particles exist in the form of spherical granules of varying size, ranging from 0.25 to >5 ttm (Fig .  2 A) . Remarkably, many of the spheres appear to be hollow . In contrast, electron micrographs of preparations fixed in the isolation medium containing Triton X-100 appear as more uniform granules of^-0.25-0.50 ttm in diameter (inset) . This suggests that after isolation in the absence of Triton X-100, bindin granules from S. purpuratus undergo extensive aggregation .
Electron micrographs of isolated bindin from A . punctulata revealed that the bindin is in the form of lamellar vesicles ( Fig . 2 B) composed of varying numbers of lamellae . As many as seven lamellae can be resolved (inset) . This lamellar morphology of A. punctulata bindin is retained in samples fixed in the Triton X-100-containing isolation medium, even after repeated Triton X-100 extractions . Determination of the amount of phospholipid extracted by chloroform :methanol (2 :1) indicated that phospholipid accounts for 12% of the mass of A. punctulata bindin . 67% of the mass is protein as determined by the Folin reaction (15) . This corresponds to an approximate ratio of eight phospholipid molecules to each bindin polypeptide . 14% of the mass of the A. punctulata bindin preparations was Triton X-100.
Quantitative Assay for Bindin-dependent Egg Agglutination
To quantitatively assess bindin-mediated agglutination of eggs, bindin particles were introduced into a suspension containing 2,000 dejellied eggs and gyrated at 90 rpm. During gyration the eggs collect at the center of the vial where they collide. As shown in Fig. 3 A and B, aggregation of eggs is dependent on the concentration of bindin and reaches a maximum at 20 tug/ml (4 ttg/assay) for both A. punctulata and S. purpuratus bindin . The kinetics of bindin-mediated egg agglutination are shown in Fig. 4 . Agglutination increases with time, reaching a maximum after 4 min of rotation. The formation of aggregates by heterologous bindin (see below) has the same kinetics, displaying a maximum at 4 min (data not shown) . The extent of agglutination does not depend on the speed of rotation within the range of 60-180 rpm.
Using this assay, we established that agglutination does not require exogenous divalent cations; eggs in Ca"-and Mg"-free seawater containing EDTA agglutinate to the same extent as control eggs in seawater (data not shown) . The pH range for bindin-mediated egg agglutination is very broad, with agglutination occurring in the range of pH 4.5-9 ; the optimum is between pH 5 .5 and 7 (Fig . 5) .
To gain some insight into the physical basis of the bindin-mediated agglutination, fluorescein-labeled bindin was prepared by reaction with FITC . FITC-labeled bindin was found to have the same egg-agglutinating properties as unlabeled bindin (data not shown) . Fluorescence microscopy of eggs agglutinated by fluorescein-labeled bindin revealed that bindin particles are invariably present at the point of contact between eggs (Fig . 6 ) . Bindin particles were observed in the region of contact between eggs in all 44 egg pairs examined . Some bindin particles were also present on areas of the egg surface not involved in contact. Fluorescent S. purpuratus bindin particles were also found at regions of contact between agglutinated A. punctulata eggs, suggesting that agglutination of heterologous eggs occurs by a mechanism similar to that of homologous eggs. Glutaraldehyde-fixed S. purpuratus eggs were agglutinated in an identical fashion, ruling out the possibility that agglutination is a dynamic response of the egg to bindin FIGURE 4 Kinetics of bindin-mediated egg agglutination . Agglutination increases with time and reaches a maximum after 4 min of rotation .
Species-Specificity FIGURE 5 Dependence of bindin-mediated egg agglutination on pH . S. purpuratus eggs were suspended in artificial seawater containing 25 mM Tris-maleate at various pH values, and bindin was added to a concentration of 12 .5 Fag/ml . Agglutination was scored after 4 min of rotation at 90 rpm.
stimulation (data not shown) . These findings establish directly that the adhesion of bindin granules to components of the egg surface is responsible for the bindin-induced agglutinat Although, as shown in Fig. 3 A, bindin isolated from A. punctulata sperm effectively agglutinated eggs of this species, bindin from S. purpuratus was relatively ineffective in agglutinating A. punctulata FIGURE 2 Electron micrographs of isolated bindin . (a) Electron micrograph of S. purpuratus bindin after the final step of the isolation procedure. x 18,000 . Spherical granules are evident in the size range of from 0.25 lam to >5 tam. Inset: electron micrograph of S. purpuratus bindin fixed in the isolation medium containing Triton X-100. x 18,000. In this medium it is apparent that the bindin exists as a homogeneous population of granules of 0.25 um diameter. (b) Electron micrograph of isolated A. punctulata bindin . x 18,000 . Isolated A. punctulata bindin is in the form of large vesicles composed of varying numbers of lamellae . This vesicular morphology is seen even after repeated Triton X-100 extraction and after fixing in the Triton-containing isolation medium . Inset: as many as seven lamellae can be resolved (arrow). x 60,000 .
CHARLEs G. GLARE AND WILLIAM J. LENNARZ Species-Specific Sperm Adhesion eggs . A maximum of 20% of the A. punctulata eggs could be agglutinated by S. purpuratus bindin; an increase in agglutination was not observed, even if the level of bindin was increased 10-fold over that shown in Fig. 3A . Similar results were obtained in the opposite heterotypic cross (Fig. 3 B) : S. purpuratus bindin effectively agglutinated S. purpuratus eggs, whereas A. punctulata bindin was relatively ineffective in promoting agglutination of S. purpuratus eggs .
Although a measurable degree of heterotypic bindin-induced agglutination was observed, the size of the aggregate formed with heterologous bindin was much smaller than that formed with homologous bindin . For example, S. purpuratus eggs formed large aggregates containing an average of seven or more eggs (Fig . 7) , and aggregates containing >100 eggs were observed . In contrast, the aggregates formed with S. purpuratus eggs and A. punctulata bindin, or with A. punctulata eggs and S. purpuratus bindin (data not shown), consisted of very small aggregates containing only 600 FIGURE 6 Fluorescence illumination light micrograph of S. purpuratus eggs agglutinated by fluoresceinlabeled S. purpuratus bindin particles. Bindin particles are invariably present at points of contact between agglutinated eggs. THE JOURNAL OF CELL BIOLOGY " VOLUME 83, 1979 pairs or trios of eggs (Fig . 7) . This suggests that the forces involved in homologous interactions may be much greater than those involved in heterologous interactions .
Other evidence for the species-specificity of bindin-mediated egg agglutination comes from observations of the interaction of bindin with a mixed population of eggs. A . punctulata and S. purpuratus eggs are easily distinguished by their pigmentation . When limiting amounts of bindin from either species were added to an egg suspension containing equal numbers of eggs of both species, the majority of egg-egg associations were of the homologous type (Fig. 8 A and B) . The next most frequent association was between the eggs of different species. Very few bindin-dependent associations of heterologous eggs were observed . Bindin preferentially associates with, and induces aggregation in, homotypic eggs .
Inhibition of Agglutination
Using the quantitative agglutination assay, Comparison of the Effect of Various Saccharides and Glycopeptides on Bindin-mediated Egg Agglutination S. purpuratus fucose sulfate polymer and sialoprotein from egg jelly coat were inactive at 3.1 and 0.6 mM monosaccharide equivalents, respectively, concentrations well above that necessary to induce the acrosome reaction in sperm. Complex and polymannose type glycopeptide from bovine thyroglobulin were tested at 7 .7 and 4.6 mM, respectively . Only the polymannose glycopeptide was inhibitory, but the inhibition never exceeded 20%. The monosaccharides tested included the a and 13 methyl glycosides of mannose, galactose, and glucose, as well as N-acetyl glucosamine, N-acetyl galactosamine, fucose, and N-acetyl neuraminic acid . None of these monosaccharides had any effect at 250 mM . components for 1 h, followed by removal of the inhibitor by washing, had no effect on the subsequent agglutination of the eggs by bindin .
DISCUSSION
Based on a number of lines of evidence, it has been suggested that the protein bindin, a component of the acrosomal vesicle, functions in spermegg adhesion (9, 10, 21, 22) . Because the bindininduced agglutination of eggs seems to be the result of interaction of bindin with the egg surface receptors that participate in sperm adhesion, we felt that this phenomenon might be a useful tool in the characterization of the receptor . With this objective in mind, we first isolated bindin from the sperm of S. purpuratus and A . punctulata using the procedure previously reported for S. purpuratus bindin . Bindin had not been previously isolated from A. punctulata sperm, and therefore it was of interest to compare its composition and properties with those of bindin from S. purpuratus . Although isolated A . punctulata bindin was found to consist of one major polypeptide component of 31,000 mol wt that comigrated on SDS gels with S. purpuratus bindin, and although it displayed the same functional properties of egg agglutination (see below), its morphology is strikingly different from that of S. purpuratus bindin . Whereas, as has been previously reported (21) , isolated S. purpuratus bindin in 1.67% Triton X-100 exists as discrete granules, A . punctulata bindin formed lamellar vesicles containing protein and phospholipid in a mass ratio of 6:1 after isolation in 1 .67% Triton . This novel morphology of A. punctulata bindin persists when the bindin is fixed in a Triton X-100-containing isolation medium and after repeated extraction and removal of Triton X-100.
Partial amino acid sequencing of bindin from S. purpuratus and S. franciscanus has shown that the NH Z-terminal region is rich in hydrophobic residues (22) . Although no sequence information is available on A. punctulata bindin, it is perhaps even more hydrophobic than S. purpuratus bindin. In this connection, it should be noted that a number of lipid-free amphiphilic membrane proteins form micelles upon the removal of detergent (18) . The lamellar morphology of A . punctulata bindin is perhaps a reflection of the amphilic structure of the polypeptide chain. Indeed, perhaps after the acrosomal reaction, bindin may become incorporated as an integral membrane protein into the membrane of the acrosomal process. It is possible 602 THE JOURNAL OF CELL BIOLOGY " VOLUME 83, 1979 that the insertion of bindin into the acrosomal process membrane provides the extra surface area needed to cover the extending acrosomal filament .
As noted in Results, we have found that in the absence of Triton X-100, isolated bindin granules from S. purpuratus extensively coaggregate to form large particles >5 pm in diameter . This finding may provide a molecular explanation for the observation of Collins (3) . He observed that S. purpuratus sperm form rosettes after induction of the acrosome reaction ; this process appeared to be mediated by a "sticky" substance that coats the acrosome filament . The formation of rosettes is perhaps the result of the coaggregation of bindin on adjacent sperm.
With bindin from two species available, we developed a quantitative, microscopic assay for bindin-induced agglutination of eggs. We have extended earlier qualitative observations showing that bindin-mediated egg agglutination in S. purpuratus and S. franciscanus is species-specific (9). Using a different combination of species, we have demonstrated that bindin-mediated agglutination with A. punctulata and S. purpuratus shows marked, but not absolute, species-specificity . It is not clear whether the differences in observed specificity between this study and the earlier report (9) are the result of differences in the two methods of assessing egg agglutination or of differences in the actual extent of cross reaction between bindin and eggs . We have established that the size of the aggregate formed by heterologous bindin is much smaller than that of aggregates formed by homologous bindin . It seems possible that this crossreaction could be overlooked in a qualitative assay based on macroscopic observations . The difference in aggregate size is consistent with the possibility that the adhesive strength of homologous bindin-egg interactions is much greater than the heterologous interactions . Also consistent with this idea are our observations of bindin interactions in a mixed population of eggs . In a mixture of the two species of eggs, the aggregates formed with bindin of one species occurring most frequently are those composed solely of eggs homotypic to the bindin . Finally, in the context of bindin-induced adhesion, it should be noted that the finding that fluorescein-labeled bindin is invariably found localized at the junction between aggregated cells provides the first direct evidence that bindin indeed is an "adhesive" molecule .
We have found that bindin-mediated egg agglutination occurs in the absence of divalent cations and at pH 7, and that this process is not inhibited by concanavalin A. However, all of these conditions and treatments are known to inhibit sperm binding or fertilization (1, 11, 13, 14, 16, 23, 24) . Our interpretation of this apparent contradiction is that these conditions and treatments may inhibit the occurrence of the acrosome reaction that is a prerequisite for sperm binding but do not affect the interaction of bindin and the egg surface per se. It is known that Ca 21 (5) and alkaline pH (6) are required for the acrosome reaction, and that sperm can fertilize eggs in CFSW if they are treated with egg jelly to preinduce the acrosome reaction (20) ,
We have confirmed the observations of Vacquier and Moy (21) that trypsin treatment of the egg abolishes bindin agglutination ability, and that egg surface glycopeptides inhibit bindin-mediated agglutination. Recently, it has been reported that bindin agglutinates trypsin-treated, formaldehydefixed red blood cells, and that preliminary data suggest that bindin is specific for terminal galactose residues (22) . These observations and other data (10, 21) have been interpreted to suggest that bindin-egg interaction is another example of lectin-glycoprotein "receptor" interaction . We have also observed inhibition of bindin-mediated agglutination by cell surface glycopeptides and have shown that this inhibition is not species-specific . This could mean that these glycopeptides are not derived from the egg cell surface molecules that are involved in the binding of bindin. Alternatively, the glycopeptides may have lost specificity upon cleavage from the intact receptor . If the lectin-glycoprotein hypothesis is true, the specificity may be a result of the three-dimensional orientation of accessibility of oligosaccharides on the cell surface (8) .
Glabe and Vacquier (10) reported a 121 I-labeled egg surface component that bound to bindin particles, and they presented evidence that this binding was species-specific . In this report, the authors pointed out that it was not possible to distinguish whether the observed specificity was a result of differences in concentration of "receptor" in the crude preparations or of actual species-specific interaction. The present report suffers from the same ambiguity. Perhaps species-specific differences in the affinity of the glycopeptides for bindin exist, but we are unable to detect these differences in affinity, possibly because the unfractionated preparations may differ in the concentration of active glycopeptide . We hope further studies using the quantitative assay described in this paper for studying the effect of purified egg surface components on bindin-dependent agglutination will provide additional insight into the molecular basis of adhesion and species-specificity in fertilization.
